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FIELD OF THE INVENTION 

The present invention relates to the use of a novel enzyme and its encoding gene for 
transformation. More specifically, the invention relates to the use of a gene encoding an 
enzyme with acyl-CoA : diacylglycerol acyltransferase activity. This gene expressed alone in 
transgenic organisms wilt increase the total amount of oil (i.e. triacylglycerols) that is 



BACKGROUND OF THE INVENTION 

In oil crops like rape, sunflower, oilpalm etc., the oil (/.e. triacylglycerols) is the most 
valuable product of the seeds or fruits and other compounds such as starch, protein and fiber 
is regarded as by-products with less value. Enhancing the quantity of oil per weight basis at 
the expense of other compounds in oil crops would therefore increase the value of the crop. If 
enzymes regulating the allocation of reduced carbon into the production of oil can be 
upregulatcd by overexpression, the cells will accumulate more oil at the expense of other 
products. This approach could not only be used to increase the oil content in already high oil 
producing organisms such as oil crops, they could also lead to significant oil production in 
moderate or low oil containing crops such as soy, oat, maize, potato, sugar beats, and turnips 
as well as in microorganisms. 

Development in genetic engineering technologies combined with greater understanding of the 
biosynthesis of triacylglycerols now makes it possible to transfer genes coding for key 
enzymes involved in the synthesis of triacylglycerols from a wild plant species or organisms 
of other kingdoms into domesticated oilseed crops. In this way, triacylglycerols can be 
produced in high purity and quantities at moderate costs. 

It is known that the biosynthesis of triacylglycerols (TAG) in fat-accumulating tissues in 
animals (Bell & Coleman, 1983) and plants (Cao & Huang, 1986, Martin & Wilson 1983) as 
well as the accumulation of oil in microbial organisms such as bacteria (Ekundayo & Packter, 
1994), yeast and other fungi (Ratlcdge 1 989) can be catalyzed by acyl-CoA ; diacylglycerol 
acyltransferascs (DAGATs), enzymes that transfer an acyl-group from acyl-CoA to 
diacylglycerol, thus forming TAG. 



produced. 



During the past few years genes coding for DAGATs, have been identified in animals (Cases 
et al., 1998), plants (Hobbs et al., 1999; Lardizabal ct al. a 2000) and in microbes (Lardizabal 
et aL, 1999). These DAGATs belong to two unrelated protein families. 
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The first type of DAG AT that was characterized, DAGAT A, has so far been found only in 
animals (Cases et al., 1998) and plants (Hobbs et ah, 1999). These genes show sequence 
similarities to genes encoding acyl-CoA : cholesterol acyltransfcrasc (ACAT). The mouse 
DAGAT A has 20 % amino acid sequence identity to the mouse ACAT (Cases ct al., 1998). 
However, DAGATs A from plants and animals arc more similar to each other than to ACAT. 
Thus, the mouse DAGAT A has 38 % amino acid sequence identity to the Arabldopsis 
thalicma DAGAT A (Tlobbs et al., 1999). It is also approximately 80% identical to the human 
ACAT like protein ARGP1, which was suggested to be involved in TAG synthesis (Oelkers 
et aL 9 1998), indicating that ARGP1 is a DAGAT A. 

The yeast S. cerevisiae contain 2 genes with sequence similarity to ACAT, ARE1 and ARE2 
(Yang et al., 1996). The encoded proteins have approximately 24 % overall amino acid 
sequence identity to the mouse ACAT and 15% identity to the DAGAT A from mouse. It 
should be noted that they are both more similar to each other (45% amino acid sequence 
identity) than to either ACATs or DAGATs from higher eukaryotes. It is not possible to 
classify them as putative ACATs or DAGATs based on sequence similarities alone, since 
their evolutionary distances from both groups of higher cukaryotic enzymes are similar, 
However, experiments have shown that both Arel and Are2 are ACATs, which together arc 
responsible for all of the sterol ester synthesis that occurs in yeast (Yang ct al., 1996; Yu ct 
al., 1996). The possible involvement of Arcl and Are2 in the synthesis of TAG has also been 
studied (Yang ct al., 1996; Yu et ah, 1996). From these studies, it was concluded that Arel 
and Are2 are not involved in TAG synthesis. Thus, there is no prior art to show that Arel is a 
TAG synthesizing enzyme, nor can it be concluded, on the basis of homologies to ACAT like 
sequences already published, that Arel is a DAGAT (Lassner and Ruczinsky, 1 999). 

The second family of DAGAT enzymes, the DAGAT 13 family, is unrelated to any other 
known proteins. These enzymes show no sequence homology to the mouse and plant ACAT 
like DAGAT A proteins (Tardizabal et ah, 2000) or to any other known proteins. 

DAGAT A and B are not the only enzymes that contribute to TAG biosynthesis. TAG can 
also be synthesized by an acyl-CoA independent reaction. Thus, the newly discovered enzyme 
phospholipid : diacylglycerol acyltransferase (PDAT) catalyses the formation of TAG by 
transferring an acyl group from the sn-2 position of a phospholipid to DAG (Dahlqvist et aL, 
1999; Stfihl, 1999). 
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SUMMARY OF INVENTION 

This invention describes the identification of a gene encoding an enzyme that is partly 
responsible for TAG accumulation in yeast. 

In a first embodiment, this invention is directed to the TAG synthesising enzyme comprising 
an amino acid sequence as set forth in SEQ ID NO 2 or a functional fragment, derivative, 
variant, ortologuc or isoenzyme thereof. 

The present invention further includes the nucleotide sequence as set forth in SEQ ID NO 1 , 
as well as portions of the genomic sequence, the cDNA sequence, allelic variants, synthetic 
variants and mutants thereof. This includes sequences that codes for variants of the 
polypeptide set forth in the sequence listing including biologically active triacylglyccrol 
synthesising enzymes as well as sequences that arc to be used as probes, vectors for 
transformation or cloning intermediates. 

Another aspect of the present invention relates to those polypeptides, which have at least 60% 
identity to SEQ ID NO 2. Preferred embodiments are polynucleotides that encode 
polypeptides with diacylglycerol acyltransferase activity. 

In a different aspect, this invention relates to the use of these nucleotide sequences in 
recombinant DNA constructs to direct the transcription and translation of the diacylglycerol 
acyltransferase sequence of the present invention in a host organism or progeny thereof, 
including oil seeds, yeast and other fungi, as well as other oil accumulating organisms, Cells 
and organisms containing the diacylglycerol acyltransferase as a result of the production of 
the acyltransferase encoding sequence are also included within the scope of the invention. 

Of particular interest is the expression of the nucleotide sequences of the present invention 
from transcription initiation regions that are preferentially expressed in plant seed tissues. It is 
contemplated that the gene sequence may be synthesized, especially when there is interest to 
provide plant-preferred codons. 

In a different embodiment, this invention also relates to methods of using a DNA sequence 
encoding a said protein of the present invention for increasing the oil-content within the cells 
of different organisms. 
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Further, the invention makes possible a process for the production of triacylglycerol, which 
comprises growing transgenic cells or organisms under conditions whereby any of the 
nucleotide sequences discussed above arc expressed in order to produce an enzyme in these 
cells with the ability to transfer a fatty acid from acyl-CoA to diacylglycerol, thus forming 
Lriacylglycerol. 

Moreover, triacyl glycerols produced by the aforementioned process are included in the scope 
of the present invention. 

The present invention can be essentially characterized by the following aspects: 

1. Use of a nucleic acid sequence encoding an enzyme catalysing the transfer of a 
fatty acid from acyl-CoA to diacylglycerol for the production of triacylglyccrol (TAG) 
by genetic transformation of an oil-producing organism with said sequence in order 
to be expressed in this organism and result in an active enzyme in, order to increase 
the oil content of the organism. 

The nucleic acid sequence is derived from the sequence shown in SEQ ID NO. 1, 
from the Saccharomyces cerevisiae ARE1 gene (genomic clone or cDNA), or from a 
nucleic acid seq^^ence or cDNA that contain nucleotide sequences coding for a 
protein with an amino acid sequence that is 60% or more identical to the amino 
acid sequence as presented in SEQ. ID, NO. 2. 

2. Transgenic organisms comprising, in their genome or on a plasmid, a nucleic 
acid sequence according to the above, transferred by recombinant DNA technology. 
The transgenic organisms are selected from the group consisting of fungi, plants 
and animals. Preferably the transgenic organisms agricultural plants and 
preferably said nucleotide sequence is expressed under the control of a storage 
organ specific promoter. Alternatively, the nucleotide sequence is expressed under 
the control of a seed-specific promoter. 

3. Oils from organisms according to aspect 2, 

4. A protein encoded by a DNA molecule according to SEQ ID NO, 1 or a functional 
(cn somatically active) fragment thereof. Alternatively, the protein produced in an 
organism as specified in aspect 2, which has the amino acid sequence set forth in 
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SEQ ID NO. 2 or an amino acid sequence with at least 60 % homology to said 
amino acid sequence. Preferably the protein is isolated from Saccharomyces 
cerevisiae. 

5. Use of a protein as specified in aspect 4 in the production of triacylglyccrols. 

6. Triacyl glycerols according aspect 5, 
DETAILED DESCRIPTION OF THE INVENTION 

The invention now having been generally described will be more readily understood by 
reference to the following drawings and examples 5 whiclvare included for the purpose of 
illustration only, and are not intended to limit scope of the present invention. 

De scription of the figure s: 

Figure 1. In vitro DAGAT activity in a yeast strain (SCY62) that overexprcsscs the 
ARE! gene. Aliquots of microsomal membranes prepared from the control strain (lane A) or 
thc ARE! ovcrcxpressing strain (lane B) were assayed for DAGAT activity according to 
Method A described in Material and Methods. The radioactive triacylglycerol synihesiscd was 
visualised and quantified as cpm (figures in brackets) on the TLC plate by electronic 
autoradiography (Instant Imager, Packard, US). Abbreviations used in the figure: 
triacylglycerol (TAG) and unestcrified fatty acids (FA). 

Figure 2. In vitro DAGAT activity in a PDAT DAGAT B double mutant, a PDAT 
DAGAT HAREI triple mutant, and in the same triple mutant containing a plasmid that 
overexprcsscs the ARE I gene. 

The radioactive triacylglycerols (TAG) synthesised in microsomes from the double mutant, 
II 1226 (lane A), the triple mutant, III 236 (lane B) and the same triple mutant containing a 
plasmid that ovcrexpresses the ARE J gene (lane C) were visualised on a TLC plate by 
electronic autoradiography (Instant Imager, Packard, US). 



BRIEF DESCRIPTION OF THE SEQ ID: 

SliQ ID NO. 1: Genomic DNA sequence of the Saccharomyces cerevisiae ARE1 gene , ORF 
YCR048W. 
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SEQ TD NO. 2: The amino acid sequence of the open reading frame YCR048W from 
Saccharomyces cerevisiae. 

EXAMPLES 

EXAMPLE 1 - Triacylglyccrol accumulation is reduced in yeast cells that lack the ARE! 
gene 

Materials and Methods 

Yeast strains. Yeast strains used in this study were congenic to the W303-1 A (Thomas 8c 
Rothsleln, 1989) background. An arel mutant strain, HI 1 1 1, with the genotype MATa circl- 
A::H1S3 ADE2 can 1-JOO Ieu2-3J 12 trpl-1 ura3~l, was generated by crossing the two strains 
SCY60 (MA Ta are 1 -A ::1IIS3 ade2-l can 1-100 leu2-3,112 lrpl-1 ura3-l) and SCY61 
(MAT* are2-A:;LEU2 ADE2 can 1-100 his3-l 1J5 trpl-1 ura3~l) (Yang et ah, 1996) and 
dissecting tetrads. As a wild type control, we used SCY62 (AfATa ADE2 can 1-100 his3- 
11,15 leu2-3 trpl-1 ura3-l) (Yang et ah, 1996). Yeast mutant strains disrupted in YNR008w 
and YOR245c encoding yeast DAGAT B and PDAT S respectively, and the ARE1 gene were 
constructed through a series of yeast transformations using the lithium acetate method. Linear 
DNA fragments used for the disruption of the YOR245c and YNR008w genes were created as 
follows. Primers specific for YOR245c (300 bases upstream, 

C AG C ATTG ACGT A ATG GG A A , and downstream, AAAGC C AAA A AG A G A A GG A C A . of 
the gene) were constructed and the gene was synthesised using PCR from SCY62 genomic 
DNA. The PCR- fragment was blunt-ended and ligatcd into pUCl 19 previously cleaved with 
the restriction enzyme Sma\. The resulting plasmid, YOR245c-pUCl 19 9 was then digested 
with ClaUSttil and dephosphorylated to prevent religation, The marker KanMX4 was obtained 
by digestion of the plasmid pFA6a by Smal/SacL The blunted KanMX4 fragment was then 
ligatcd into the YOR245c-pUCl 19 vector between the Clal and Stul sites within the 
YOR245c open reading frame. A linear fragment containing the resulting 
YOR245c::KanMX4 disruption cassette was finally obtained through cleavage by 
Baml WNdeh The linear fragment used to disrupt the YNR008w gene was construcied in a 
similar manner as the YOR245c::KanMX4 fragment, The YNR008w gene was amplified 
from SCY62 genomic DNA, cloned into the pBluescript vector (Dahlqvist et al., 2000) and 
digested with restriction enzyme BbsVMtml. The TliPl marker was then ligatcd between the 
Bbsl and Muni sites in the YNR008w-pBluescript plasmid, and a linear fragment containing 
the disruption cassette was obtained by liamblVPstl digestion. The single PDAT mutant, 
H1079, with the genotype lAA:i^pdat-A::TRPl ADE2 len2-3,112 ura3-l his3-HJ5 irpl-l 9 
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was generated by transforming the wild type strain SCY62 with the linear YNROOSw::TRP i 
fragment. The PDAT DAGAT 13 double mutant, II 1226, with the genotype MATa pdat- 
A::TRP1 dagat B-A::KanMX4 ADE2 Ieu2-3J12 ura3-l his3-ll,15 trpl-1, was constructed in 
an identical manner by transforming HI 079 with the linear YOR245c::KanMX4 fragment. An 
ARE1 PDAT double mutant, H1224, with the genotype MATa arel~A::HIS3 pdat-A::TRPl 
ADE2 can 1-100 Ieu2-3J12 uro3-J trpl~l> was generated by transforming III 1 1 1 with the 
linear YNR008w::TRPl fragment, The triple mutant strain, H1236, with the genotype MATa 
arel-A::NIS3 pdat-A::TRPl dagat B-A::KanMX4 ADE2 Ieu2-3,112 ura3-l (rpl-1, was 
constructed by transforming IU224 with the linear YOR245c::KanMX4 fragment. 

Ycasl Cultivations. Yeast cells were cultivated at 28 or 30°C on a rotary shaker in liquid 
YPD medium (!% yeast extract, 2% peptone, 2% glucose), Transformed cells were grown in 
synthetic medium (Sherman et al., 1986) lacking uracil and supplemented with 2 % (vol/vol) 
glycerol and 2% (vol/vol) ethanol. 

Lipid Analysis. The lipid content of the yeast cells was determined as described by Dahlqvist 
ct al. (2000) and is presented as nmol of fatty acid (FA) per mg dry weight yeast. 

Results 

The lipid content of a mutant yeast strain (SCY60), in which the ARE1 gene was disrupted, 
was analyzed and compared to wild type yeast cells (SCY62) at different stages of growth. In 
arel mutant cells, harvested in exponential phase after 10 hours of cultivation, the total 
amount of lipid, measured as nmol PA per dry weight yeast, was not significantly different 
from the wild type yeast (table 1), nor did the amount of fatty acids accumulated into TAG 
differ strongly between the wild-type and the arel mutant. The effect of the arel disruption 
on oil accumulation in stationary phase cells was analysed in an experiment were the yeast 
cells were pre-cultivated for 24 h in liquid YPD medium. The cells were then harvested and 
re-suspended in minimal medium (Meesters et al, 1996), supplemented with 16 g/1 glycerol, 
to the original volume of the growth culture. In this glycerol supplemented minimal medium 
the yeast cells will enter stationary phase under conditions suitable for TAG accumulation. 
After further cultivation for 24 h, the cells were harvested and their lipid composition was 
determined. The total lipid content in the arel mutant was 15% less than in the wild type. The 
TAG amount in the arel mutant was almost 40 % lower than in the wild type, whereas the 
polar lipid content did not differ significantly between the arel mutant and the wild type yeast 
(table 1). 
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Two other genes, YNROOSw and YOR254c (Stahl, 1999; Dahlqvist, et al., 2000; Lardizabnl ct 
al., 2000) have recently been shown to be involved in TAG synthesis in yeast. These genes 
encode a PDAT and a DAGAT B protein, respectively. A yeast strain disrupted in all three 
genes (ARlil, YNROOSw and YOR254c) and a yeast strain with disruptions in only the 
PDAT and DAGAT B genes were made and Vhey are here named the triple and double 
mutant, respectively. The TAG content of the double mutant was 48 % of the wild type (table 
2), whereas the amount of TAG accumulated in the triple mutant was only 4% of the level in 
the wild type yeast. By comparing the amounts of TAG accumulated in the double and triple 
mutants it is clear that Arel protein contributes to TAG synthesis in yeast. 

In summary, these experiment clearly show that the product of the ARE1 gene contributes to 
TAG accumulation in yeast. 

Tabic 1 . Lipid content in ARE1 mutant (SCY60) and wild type (SCY62) yeast cells. The 
lipid accumulation in yeast disrupted in the ARE1 gene (arel mutant) was analysed at 
different stages of growth and compared to the control wild type yeast. The lipid composition 
of cells in exponential growth was analysed after 10 hours of cultivation in YPD medium at 
28 °C. Yeast cells in stationary phase was prepared by pre-cultivating the cells on liquid YPD 
medium for 24 hours at 28 °C, after which the cells were harvested, re-suspended in minimal 
medium (Meesters et al, 1996) supplemented with 16 g/1 glycerol, and cultivated for an 
additional 24 hours at 28 °C. The content of sterol esters, TAG, other neutral lipids, and polar 
lipids was determined as nmol fatty acids (FA) per mg of diy yeast weight. 



SCY62 SCY60 





(nmol FA / mg) 


(nmol FA / mg) 




lOh 


48h 


lOh 


4Sh 


Sterol esters 


IS 


24 


12 


19 


Tria cylglycerol 


6 


44 


8 


28 


Other neutral lipids 


4 


6 


4 


5 


Polar lipids 


65 


74 


63 


74 
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Table 2. Lipid content in the PDA T DA GA TB double mutant strain (HI 226), in the PDA T 
DAGAT1SAREJ triple mutant strain (111236) and in wild type yeast cells (SCY62). The 
different yeast strains, all of which contained the empty expression plasmid pJN92 (Ronne et 
al., 1991), were cultivated in YNB medium to which 2 % (v/v) of galactose was added at an 
A1500 of 4. The cells were harvested after an additional 22 hours growth and the content of 
sterol esters, TAG, other neutral lipids, and polar lipids was determined as nmol fatty acids 
(FA) per mg of dry yeast weight. 





SCY62 


H1226 


111236 




(nmol FA / mg) 


(nmol I r A / mg) 


(nmol FA / mg) 


Sterol esters 


13 


10 


1 


Triacylglyccrol 


163 


78 


7 


Other neutral lipids 


17 


16 


41 


Polar lipids 


58 


66 


44 


Total lipids 


251 


170 


87 



EXAMPLE 2 - Triacylglycerol accumulation is increased in yeast cells that overcxprcss 
the Alt El gene. 

Material and Methods 

For induced overcxpression of the ARE! gene, a 2001 bp Ehel/Ec!l36U fragment from the 
plasmid YEP 3-16 (Yang ct al. 9 1996) was cloned into the BamHl site of the GAL1 expression 
vector pJN92 (Ronne et al (> 1991), thus generating pUSS. The wild type yeast strain SCY62 
(MAT^ADE2 can 1-100 his3-ll,15 lei<2-3 irpl-1 ura3~l) (Yang ct al., 1996), was 
transformed with the pUS5 and cultivated at 28 °C on a rotary shaker in synthetic medium 
(Sherman ct al., 1986) lacking uracil and supplemented with 2 % (vol/vol) glycerol and 2 % 
(vol/vol) elhanol. The GALl promoter was induced after 43 h of growth by the addition of 2 
% (wt/vol) final concentration of galactose. Cells were harvested after an additional 24 hours 
of growth. Wild type (SCY62) cells transformed with the empty vector, pJN92 9 and cultivated 
under identical conditions were used as a control. The lipid content of the yeast cells was 
determined as described by Dahlqvist ct al. (2000) and is presented as nmol of fatty acid (FA) 
per mg dry weight yeast. 
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Results 

The effect of overcxpression of the ARE! gene on lipid accumulation was studied by 
transforming the wild-type yeast (strain SCY62) with a plasmid containing the ARE! gene 
under control of the galactose-induccd GAL1 promotor (Table 3), Overexpression of the 
ARE1 gene from this promoter had no strong effect on the growth rale as determined by 
optical density measurements. However, the total lipid content in yeast cells that 
overexpresscd ARE I was I A fold higher than in the control yeast transformed with an empty 
expression vector (Table 3). The elevated lipid content in yeast cells ovcrexpressing ARE! is 
mostly due to a 50% increase in the TAG content, but the amount of sterol esters also 
increased significantly in these cells, as compared to the control. These results clearly 
demonstrate that the gene product of ARE!, in addition to its earlier reported involvement in 
the synthesis of sterol esters (Yang ct al„ 1996), also is involved in TAG synthesis. The 
elevated levels of TAG achieved in the A RE1 overexpressing cells also clearly demonstrate 
the potential use of iheAREl gene in increasing the oil content in transgenic organisms. 

Tabic 3, Lipid content in yeast cells that overexpress theAREl gene. Yeast cells (SCY 62) 
transformed with the ARE! gene under the control of the GAL! promotor in the pJN92 vector 
were cultivated as described in the Material and Method section. Yeast cells (SCY62), 
transformed with an empty vector, cultivated under identical conditions were used as control. 
The cells were harvested and the content of sterol esters, triacylglycerols, other neutral lipids 
and polar lipids was determined as nmol fatty acids (FA) per mg dry yeast weight. 





SCY62 

(nmol FA / mg) 


SCY62 overexprcssing 
ARE1 
(nmol FA / mg) 


Sterol esters 


19 


27 


Triacylglyccrol 


160 


239 


Other neutral lipids 


30 


32 


Polar lipids 


48 


56 


Total lipids 


257 


354 
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EXAMPLE 3 - The ARE1 gene product has diacylglycerol acyltransfcrasc activity. 
Materials and Methods 

In v'uro diacylglycerol acyltransfcrasc (DAGAT) activity was analyzed, in microsomal 
fractions prepared from yeast cells, by using one of the following methods. 

Method A: A wild type yeast (strain SCY62) was transformed with a plasmid (pUS5) 
containing the ARE1 gene under the control of a GAL J promotor (described in Material and 
Methods in Example 2). The transformed yeast was cultivated at 28°C in defined YNB 
medium lacking uracil. The expression of the ARE1 gene was induced by the addition of 2 % 
(v/v) galactose after 8 hours growth and the cells were harvested after an additional 17 hours. 
Microsomal membranes were prepared from the transformed yeast by resuspending lg of 
yeast (fresh weight) in 8 ml of ice-cold buffer (20 mM Tris-Cl, pH 7.9, 10 mM MgCl 2 , 1 mM 
IvDTA, 5 % (v/v) glycerol, 1 mM DTT, 0.3 M ammonium sulphate) in a 12 ml glass tube to 
which 4 ml of glass beads (diameter 0.45 — 0.5 mm) were added. The glass tube was heavily 
shaken (3 x 60 s) with a MSK cell homogenizer (B- Braun Melsungen AG, Germany), The 
suspension was centrifuged at 20 000 g for 15 min at 6 °C and the resulting supernatant was 
centrifuged at 100 OOOg for 2 h at 6 °C. The resulting pellet, containing microsomal 
membranes, was resuspended in 0T M K-phosphate (pH 7.2) buffer and stored at -80 °C. 
DAGAT activity was analyzed in aliquots of microsomal membranes (50 (.il), corresponding 
to 10 nmol phosphatidylcholine, to which 1 pmoI of diolcoyl-PG and 0.25 pmol of dioleoyl- 
DAG emulsified in 50 pi of buffer containing 190 mM HEPES-NaOH, pH 7.5, 125 mM 
MgCl 2 > 30 mM CHAPS, 2,5 mg/ml BS A and 2 nmol [ 14 C]-paImitoyl-CoA (2775 dprn/nmol), 
were added. The reaction mixture was incubated at 30°C for 30 min. The lipids were then 
extracted in chloroform and separated using thin layer chromatography on silica gel 60 plates 
in hexanc / diethyl ether / acetic acid (80:20:1). The radioactive lipids were visualized and 
quantified on the plates by electronic autoradiography (Instant Imager, Packard, US). 

Method B: The PDAT DAGAT B double mutant (H1226) and the PDAT DAGAT B ARE] 
triple mutant (II1236), described in Material and Methods in Example 1, were transformed 
with the empty expression plasmid (pJN92). A transformant expressing the A RE J gene under 
the control of the GALI promotor was generated by transforming the triple mutant HI 236 
with the plasmid pUS5 (described in Material and Methods in Example 2). All yeast 
transformants were cultivated in YNB medium to which 2 % (v/v) of galactose was added at 
an A^ooof 4. The cells were harvested after an additional 6 hours growth and microsomes 
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were prepared using a modification of the procedure of Dahlqvist et al. (2000). Yeast cells 
(0.2 g) were resuspended in 1.5 ml of ice-cold buffer (20 mM Tris-Cl pl l 7.9, 10 mM MgCh, 
I mM EDTA, 5 % (vol/vol) glycerol, 1 mM DTT, 0.3 M ammonium sulfate) in a 2 ml 
Eppendorf tube containing 0.2 ml glass beads (0.45-0.5 mm in diameter). The tube was 
heavily shaken (3 x 60 s) in a cell homogenizcr (Mini Bead Beater). The homogenized yeast 
was ccntrifuged at 1350 x g for 20 min at 4 °C, and the resulting supernatant was 
subsequently centrifugeel at 150 000 x g Tor 1 h at 4 °C. The pellet was re-suspended in 0.1 M 
potassium phosphate (pH 7.2), and stored at -80 °C. Dihexanoyl-DAG (5 nmol) dissolved in 
chloroform was added to micro tubes and the chloroform was evaporated under a stream of 
N:>. Aliquots (90 |aI) of microsomal fractions corresponding to 150 \ig protein, in a buffer 
consisting of 50 mM IIEPES (pH 7,2), 5 mM MgCl 2 , and 1 mg/ml BSA were added to the 
lubes and the suspension was thoroughly mixed. Finally, 10 \x\ of [ H C]-palmitoyl-CoA (20 
nmol, 5000 dpm/nmol) was added, and the mixtures were incubated at 30 °C for 15 min. 
Lipids were extracted from the reaction mixture into chloroform (Bligh & Dyer, 1959) and 
separated by TLC on silica gel 60 plates (Merck). The TLC plate was first developed in 
chloroform / methanol / acetic acid / water (85:15:10:3.5) for 80 mm. The dried plate was 
then developed in hexane / diethyl ether / acetic acid (80:20; 1 .5) for 1 80 mm. The radioactive 
lipids were visualized and quantified on the plates by electronic autoradiography (Instant 
Imager, Packard). 

Results 

Microsomal membranes prepared from the transformed yeast overexprcssing the ARE J gene 
and from control yeast transformed with an empty plasmid (pJN92) were assayed for DAG AT 
activity according to Method A in Materials and Methods. The amount of radiolabeled TAG 
synthesized from [ !4 CJpalmitoyl-CoA in microsomal membranes prepared from the ARE1 
overexpressor was increased with 66 % as compared to the control yeast (Fig 1). DA GAT 
activity was also assayed in microsomal membranes prepared from the PDAT DAGAT B 
double mutant strain (H1226) and the PDAT DAGAT B ARE1 triple mutant strain (HI 236) 
cells (Method B), In the double mutant, with a functional ARE J gene, TAG with two 
hcxanoyl and one [ H C]palmitoyl chain, was synthesized from added dihcxanoyl-DAG and 
[ 14 C]palmitoyl-CoA. This synthesis was barely detectable in the triple mutant (figure 2) where 
the ARE J gene was disrupted. However, the in vitro synthesis of TAG was restored in triple 
mutant cells transformed with a plasmid expressing the ARE! gene. This clearly shows that 
the in vitro synthesis of TAG in these yeast mutants correlates with the presence of a 
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functional ARE I gene and that the protein encoded by the ARE I gene possesses DA GAT 
activity. 

EXAMPLE 4 -Triacylglycerol accumulation is increased in the seeds of Arabidopsis 
thaliana that express the ARE1 gene. 

Material and methods 

The AREA gene was amplified from the yeast genome using the proof reading enzyme 
polymerase pfu (Promcga). An EcoRl andXbal restriction enzyme site was introduced 
respectively into the 5 ? and 3' ends of this fragment to allow directional cloning of the 
fragment. The PGR fragment was cloned into the vector pBluescript (Stratagene), The insert 
derived from this plasmid was then cloned downstream of a napin promoter fragment 
(Stfilbcrg et al. s 1 993) in the vector pPGTV-KAN (Becker et a/., 1993). This plasmid was , 
transformed into Agrobacterium strain GV3301 , Transformed Agrobacterium cells were then 
used to transform root explants from Arabidopsis thaliana (Valvckens et aL, 1992). The lipid 
content in Arabidopsis seeds was determined by methylation of fatty acids. Fatty acids in the 
oil of proximately 2-3 mg of seeds were methylated in 2 ml 2 % (vol/vol) H 2 SCXi in dry 
methanol for 90 min at 90 °C. The fatty acid methyl esters were extracted with hexanc and 
analyzed by GLC through a 50 m x 0.32 mm CP-Wax58-CB fused-sihea column 
(chrompack), methylheptadccanoic acid was used as internal standard. 

Results 

//. thaliana was transformed with the ARE J gene under the control of a napin promoter, which 
is seed specific and active during the major phase of oil accumulation. The oil content was 
analyzed in seeds from single T2 plants derived from four independent transformation events 
(Table 4). The results showed that in three lines between 50 % and 100 % of the T2 plants 
generated seeds with statistically significant elevated oil content as compared to the oil 
content in the seeds from the control plants. The oil content was elevated with up to 18 % in 
the seeds expressing AREL One line (28-1) had the same oil content as the seeds from the 
control plants. 
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Table 4. Accumulation of oil in seeds from Arahidopsis ihaliana transformed with the 
ARE1 gene. 

T2 plants transformed with the ARE] gene under the control of the napin promotor and 
control plants transformed with an empty vector were cultivated in a growth chamber vinder 
controlled conditions. The oil content in mature seeds of these plants was determined by GLC 
analyses and is presented as nmol fatty acids (FA) per mg seed. 



Transfonnants 



control 


28-1 


28-2 


28-3 


28-4 


Number of T2 plants 
analyzed 


4 


6 


2 


6 


11 


Number of T2 plants with 
significant increased seed 
oil content" 




0 


2 


3 


9 


nmol FA per nig seed in 
T2 plant with highest oil 
content 


1535+114 


1562±28 


1753+53 


1641±82 


1818+18 



* Calculated with the mean difference two-sided test at a - 5 and based on the average oil conLcnt of4 
control plants. 
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